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The mammalian histone H2AX pro-tein functions as a dosage-depen-
dent genomic caretaker and tumor 
suppressor. Phosphorylation of H2AX 
to form γ-H2AX in chromatin around 
DNA double strand breaks (DSBs) is an 
early event following induction of these 
hazardous lesions. For a decade, mecha-
nisms that regulate H2AX phosphory-
lation have been investigated mainly 
through two-dimensional immunofluo-
rescence (IF). We recently used chro-
matin immunoprecipitation (ChIP) to 
measure γ-H2AX densities along chro-
mosomal DNA strands broken in G
1
 
phase mouse lymphocytes. Our experi-
ments revealed that (1) γ-H2AX densities 
in nucleosomes form at high levels near 
DSBs and at diminishing levels farther 
and farther away from DNA ends, and 
(2) ATM regulates H2AX phosphoryla-
tion through both MDC1-dependent 
and MDC1-independent means. Neither 
of these mechanisms were discovered by 
previous IF studies due to the inherent 
limitations of light microscopy. Here, 
we compare data obtained from parallel 
γ-H2AX ChIP and three-dimensional IF 
analyses and discuss the impact of our 
findings upon molecular mechanisms 
that regulate H2AX phosphorylation in 
chromatin around DNA breakage sites.
An early event in the evolutionarily con-
served cellular DNA damage response 
(DDR) is phosphorylation of H2A histones 
in chromatin around DSBs.1 This cova-
lent modification creates binding sites for 
DDR factors that assemble into complexes 
around DNA breakage sites and catalyze 
other histone modifications, which anchor 
additional DDR proteins near DSBs. 
Deficiencies in these mechanisms cause 
DSB repair defects leading to genomic 
instability that can interfere with normal 
cellular physiology and cause cell death or 
malignant transformation. For example, 
reduced expression of histone H2AX leads 
to chromosome breaks in non-malignant 
cells and immunodeficiency and lympho-
mas with clonal translocations in mice.2,3 
Despite their importance to normal cellu-
lar physiology and relevance to immunol-
ogy and cancer, the mechanisms through 
which post-translational histone modifi-
cations coordinate DSB repair with cel-
lular proliferation and survival remain 
enigmatic. Determining the molecular 
mechanisms that regulate H2AX phos-
phorylation following induction of DNA 
breaks is paramount to understanding 
how H2AX functions as a haploinsuffi-
cient tumor suppressor.
To date, investigations of mechanisms 
that regulate H2AX phosphorylation have 
been conducted predominantly through 
two-dimensional (2D) IF using antibod-
ies that recognize the phospho-serine 
residue of γ-H2AX. In 1999, the labora-
tory of William M. Bonner published 
the first γ-H2AX 2D IF experiments, 
which revealed that H2AX phosphory-
lation could be visually monitored by 
accumulation of anti-γ-H2AX antibod-
ies into sub-nuclear regions referred to 
as foci.4 The authors demonstrated that 
(1) the numbers of γ-H2AX foci induced 
by ionizing radiation (IR) were comparable 
to the estimated numbers of IR-induced 
DSBs, and (2) γ-H2AX foci co-localized 
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and adjacent to TCRα and Igκ loci were 
not caused by differential incorporation of 
H2AX into chromatin prior to DNA cleav-
age. Our parallel comparison of γ-H2AX 
densities along broken DNA strands in 
H2ax+/+ and H2ax+/- cells revealed that a 
50% reduction of H2AX densities in chro-
matin resulted in far greater reductions of 
γ-H2AX densities within 200 kb of DSBs, 
but not over sequences located farther 
from DNA breakage sites. Collectively, 
these data provided experimental evidence 
to support the notion that γ-H2AX densi-
ties in nucleosomes around DSBs may be 
critical for an effective DDR.
Our study also reported the first exper-
imental analysis of molecular mechanisms 
that regulate γ-H2AX formation along 
chromosomal DNA strands disrupted in 
mammalian cells.15 Experiments in wild-
type cells revealed that γ-H2AX densities 
transiently increased within and adjacent 
to Tcrα and Igκ loci as they were broken 
and repaired in G
1
 phase cells. In addi-
tion, we performed γ-H2AX ChIP studies 
in cells lacking the Artemis NHEJ fac-
tor to trap DSB intermediates. We found 
that the distances and densities at which 
γ-H2AX formed over sequences within 
and adjacent to TCRα and Igκ loci did 
not increase as broken DNA strands accu-
mulated and persisted in G
1
 phase cells. 
These data revealed that cellular factors 
regulate H2AX phosphorylation to gen-
erate and maintain a defined γ-H2AX 
chromatin domain marking broken Tcrα 
and Igκ loci. Finally, we conducted paral-
lel γ-H2AX ChIP analyses on cells defi-
cient in ATM or MDC1. We discovered 
that the ability of ATM to form γ-H2AX 
at high densities over sequences within 
200 kb of DSBs required MDC1, how-
ever the ATM-dependent formation of 
γ-H2AX along broken DNA strands far-
ther away from DNA breakage sites was 
not affected by the absence of MDC1. 
These data demonstrated that ATM pro-
motes H2AX phosphorylation through 
MDC1-dependent mechanisms proximal 
to DSBs and MDC1-independent mecha-
nisms distal from breakage sites.
Our ChIP based study provided novel 
insights into the molecular mechanisms by 
which γ-H2AX forms in chromatin around 
DNA breakage sites, but also yielded alter-
native conclusions regarding the functions 
where H2AX comprises 2–25% of H2A 
and can be unevenly incorporated into 
chromatin.5,12 In addition, tumor sup-
pressors and other proteins that interact 
with H2AX in mammalian cells lack 
clear yeast homologues. Consequently, 
ChIP based studies of γ-H2AX densities 
along broken chromosomal DNA strands 
in mammalian cells were still required to 
determine molecular mechanisms that 
regulate H2AX phosphorylation follow-
ing DSB induction.
Analogous to yeast mating type 
switching, the assembly of antigen recep-
tor variable region exons proceeds through 
induction and repair of site-specific chro-
mosomal DSBs.13 In G
1
 phase cells, the 
lymphocyte-specific RAG1/RAG2 (RAG) 
endonuclease cleaves antigen receptor loci 
adjacent to participating variable (V), 
diversity (D), or joining (J) gene seg-
ments. RAG-generated DNA ends are 
processed and repaired by non-homolo-
gous end-joining (NHEJ) proteins to form 
V(D)J exons, which are transcribed with 
constant regions to encode T cell receptor 
(TCR) or immunoglobulin (Ig) chains. 
Since RAG-dependent γ-H2AX foci co-
localize with TCRα loci in thymocytes 
of wild-type mice,14 we reasoned that we 
could exploit the chromosomal V(D)J 
recombination reaction and use ChIP to 
measure γ-H2AX and H2AX densities in 
nucleosomes along endogenous antigen 
receptor loci broken in G
1
 phase mouse 
lymphocytes.
We recently reported the first molec-
ular analysis of γ-H2AX densities in 
chromatin around DSBs induced within 
mammalian cells.15 Our study revealed 
that γ-H2AX forms along broken DNA 
strands over sequences extending ~500 
kb from DSBs, with maximum γ-H2AX 
densities reached and maintained at loca-
tions within 200 kb of DNA cleavage 
sites. We observed similar findings along 
TCRα loci in primary thymocytes and 
Igκ loci in transformed pre-B cell lines, 
indicating that this aspect of the mamma-
lian DDR is conserved between different 
lymphocyte lineages and antigen receptor 
loci. We showed that H2AX densities in 
nucleosomes were roughly equivalent at all 
genomic locations assayed, demonstrating 
that the distances and densities at which 
γ-H2AX formed over sequences within 
with the path of a laser capable of cleaving 
chromosomal DNA strands.4 Collectively, 
these data supported previous biochemical 
studies of the Bonner laboratory estimat-
ing that H2AX phosphorylation around 
chromosomal DSBs induced by IR or 
other genotoxic agents involves chroma-
tin regions containing approximately two 
million base pairs of DNA.5 This estimate 
was based upon the assumption of maxi-
mal and uniform H2AX phosphorylation 
within nucleosomes around DSBs. The 
hypothesis that MDC1 fuels the ATM-
dependent spread of H2AX phosphoryla-
tion into chromatin further and further 
away from DNA breakage sites was based 
upon 2D IF studies demonstrating com-
parable reduction in the size and intensity 
of γ-H2AX foci in cells lacking ATM or 
MDC1 function.6,7
Our discovery that H2AX functions 
in a dosage-dependent means to maintain 
genomic stability and suppress transforma-
tion suggested that the density of γ-H2AX 
in nucleosomes around DSBs may be crit-
ical for an effective DDR.3 Although IF 
based studies are informative, they can-
not provide data regarding the density 
of γ-H2AX at particular chromosomal 
sequences, as can ChIP experiments. 
However, ChIP based investigations of 
molecular mechanisms that regulate 
H2AX phosphorylation require induction 
of DSBs at defined genomic locations. In 
yeast, the mating type switching reaction 
proceeds through induction of site-specific 
chromosomal DSBs by the HO endonu-
clease.8 Researchers had exploited yeast 
mating type switching and used ChIP to 
show that γ-H2A densities rapidly increase 
and equilibrate along broken DNA strands 
across distances extending approximately 
50 kb from breakage sites.9,10 The results 
of these experiments revealed that H2A 
phosphorylation is not maximal and uni-
form within all nucleosomes located near 
the ends of broken DNA strands,9,10 sup-
porting the notion that γ-H2AX densities 
in nucleosomes around DSBs may be criti-
cal for an effective DDR. Yet, relevance of 
these findings to H2AX phosphorylation 
remained questionable because of dif-
ferences between the DDR in yeast and 
mammalian cells. Each H2A molecule 
can be phosphorylated upon DSB induc-
tion in yeast,11 unlike in mammalian cells 
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in LAβP cells as compared to LβP thy-
mocytes (Fig. 1D and E). These data 
reinforce our previous conclusions that 
the observed increased γ-H2AX densities 
along broken DNA strands correspond 
to a greater number of cells contain-
ing DSB intermediates at these genomic 
locations, rather than increased levels of 
H2AX phosphorylation in chromatin 
around DNA breaks that are not rapidly 
repaired.
These experiments also reveal several 
novel insights about the information that 
focus, a higher fraction of LAβP cells har-
bored two or more γ-H2AX foci (Fig. 2; 
data not shown). Thus, a greater number 
of γ-H2AX foci per cell were observed in 
LAβP thymocytes, as compared to LβP 
cells (Fig. 1C). In an effort to impose 
additional sensitivity upon our quantita-
tive analyses, they were performed in three 
dimensions and, thus, we also were able 
to analyze the volumetric size of γ-H2AX 
foci. We found that γ-H2AX foci were 
almost two-fold larger and the intensity 
per γ-H2AX focus was somewhat greater 
of ATM and MDC1 in regulating H2AX 
phosphorylation. As will be discussed 
below, the latter difference could be due 
to factors in addition to data that can be 
obtained by ChIP but not IF. However, we 
first sought to directly compare the infor-
mation provided by each of the analyses of 
γ-H2AX formation in chromatin around 
DSBs. For this purpose, we conducted 
parallel γ-H2AX ChIP and three-dimen-
sional IF studies on thymocytes isolated 
from LckCre:Artemis+/+:Tcrβ:p53Flox/Flox 
(LβP) and LckCre:Artemis-/-:Tcrβ:p53Flox/
Flox (LAβP) mice. Since RAG-generated 
Vα and Jα DSBs are induced and repaired 
in LβP thymocytes but induced and not 
repaired in LAβP cells, we reasoned that 
this approach would enable us to deter-
mine the information that γ-H2AX ChIP 
and IF analyses provide between compari-
son of cellular populations with different 
frequencies of DSB intermediates. We also 
conducted three-dimensional γ-H2AX IF 
analyses, which are not routine, allowing 
volumetric measurement of the nuclear 
regions in which H2AX phosphorylation 
accumulates around DNA breakage sites. 
This approach enables more accurate mea-
surements since it prevents potential non-
representative information based upon 
which focal plane is selected for analysis.
Tcrα recombination proceeds through 
coupled cleavage of a Vα and a Jα segment. 
The mouse Tcrα locus contains 100 Vα 
and 59 Jα segments (Fig. 1A). By ChIP, 
we detected γ-H2AX densities above 
background over the Vα and Jα segments 
and sequences downstream of the Jα seg-
ments in both LAβP and LβP thymocytes 
(Fig. 1A). Consistent with our previous 
observations,15 we found significantly 
higher γ-H2AX densities at almost all 
genomic locations assayed within and 
adjacent to Tcrα in LAβP thymocytes, 
as compared to LβP cells (Fig. 1A). The 
γ-H2AX densities at these locations were 
2–4 fold greater in LAβP cells. Using 
confocal IF microscopy, we evaluated 
nuclei for γ-H2AX foci in confocal planes 
(Fig. 2A) and throughout their volume 
(Fig. 2B and C). Using volumetric recon-
structions, we γ-H2AX foci observed 
them in approximately three times more 
LAβP cells than LβP thymocytes (Fig. 
1B). Although most LAβP and LβP thy-
mocytes contained only one γ-H2AX 
Figure 1. ChiP and iF analyses of H2ax phosphorylation in LβP and LAβP thymocytes. (a) Schematic 
of the mouse Tcrα locus and graphical representation of γ-H2ax densities at the indicated locations 
within and adjacent to Tcrα in thymocytes isolated from LβP or LAβP mice. (B–e) three-dimensional 
quantitative analyses of γ-H2ax foci in LβP and LAβP thymocytes displaying the (B) number of cells 
with foci, (C) number of foci per cell in cells with foci, (D) average volume of individual foci, and (e) 
average intensity per focus. The error bars for all data points reflect standard deviations of three 
independent experiments.
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upon how H2AX phosphorylation 
extends along chromatin fibers flanking 
replication forks.
An unanswered issue that needs to be 
addressed is the relationship between the 
nuclear volume and intensity of γ-H2AX 
foci and the γ-H2AX domain formed along 
broken DNA strands. The sizes and inten-
sities of γ-H2AX foci are similarly dimin-
ished in cells lacking ATM or MDC1, as 
compared to wild-type cells. Both ATM 
and MDC1 are essential for generation 
of γ-H2AX at high densities over DNA 
sequences 20–200 kb from broken DNA 
ends, however ATM, but not MDC1, is 
required for γ-H2AX formation at low 
densities over sequences extending 200–
500 kb from DSBs. One interpretation of 
these data is that low densities of γ-H2AX 
in chromatin can be detected by ChIP, 
but not IF. If so, changes in the nuclear 
volumes and intensities of γ-H2AX foci 
might reflect only differences of H2AX 
phosphorylation in chromatin proxi-
mal to DNA breakage sites. Our studies 
demonstrate that γ-H2AX densities along 
chromosomal DNA fibers increase over 
sequences extending ~500 kb on either side 
of DSBs, while the average diameter of the 
nuclear volume occupied by γ-H2AX foci 
is approximately 0.9 μm. If fully extended, 
1 Mb of DNA would span 340 μm. Even 
if γ-H2AX IF only represent the high den-
sities of γ-H2AX formed 20–200 kb from 
DSBs, 400 kb of DNA would stretch 136 
μm if not condensed into higher order 
chromatin structures. In this context, 
the nuclear volume occupied by γ-H2AX 
foci might reflect H2AX phosphorylation 
along broken DNA fibers, but not on any 
other chromosomal DNA strands within 
the nuclear territories surrounding DSBs 
(Fig. 3).
Our observation that γ-H2AX forms 
along broken DNA fibers across a dis-
tance of ~1 Mb flanking DSBs corre-
sponds very closely to Bonner’s estimate 
that H2AX is phosphorylated within 
2 Mb of chromosomal DNA around 
breakage sites. This biochemical esti-
mate assumed maximal and uniform 
γ-H2AX formation in nucleosomes 
around DSBs; our ChIP studies have 
demonstrated that neither assumption 
can be universally applied to all chromo-
somal DNA breaks. Considered together, 
obstacle for most studies. Consequently, 
γ-H2AX IF analyses are a more broadly 
useful means to study H2AX phospho-
rylation in chromatin around DSBs 
induced at random locations through-
out the genome. Another novel insight 
is that γ-H2AX foci of larger volume 
and/or greater intensity do not inher-
ently reflect a detectable increase in the 
distance across which H2AX phosphory-
lation extends from DSBs along broken 
DNA strands. However, these data do not 
rule out the possibility that the spread of 
H2AX phosphorylation from DSBs along 
DNA strands, or into surrounding chro-
matin, alters the size and/or intensity of 
γ-H2AX foci. For example, DNA repli-
cation-associated DSBs generated during 
S phase could generate γ-H2AX foci of 
varying volume and intensity depending 
γ-H2AX ChIP and IF analyses yield. 
One is that ChIP can reveal statistically 
significant differences in the extent of 
H2AX phosphorylation in comparison 
between cellular populations contain-
ing different frequencies of DSB inter-
mediates, even when IF cannot. In this 
context, ChIP provides a more sensitive 
means to monitor γ-H2AX formation in 
chromatin around DNA breakage sites. 
Considering that not all γ-H2AX foci in 
total thymocytes represent H2AX phos-
phorylation around RAG-cleaved TCRα 
loci,14 our study under-estimates the sen-
sitivity of ChIP versus IF for detection of 
γ-H2AX formation at a defined genetic 
locus. However, requisite knowledge 
of the genomic location(s) where DSBs 
are induced for γ-H2AX ChIP analyses 
is a substantial, if not insurmountable, 
Figure 2. two-Dimensional and three-Dimensional Confocal iF of γ-H2ax Foci. (a and B) Confocal 
fluorescent micrographs depicting LβP or LAβP thymocytes either (a) in a single two-dimensional 
plane or (B) in a merge of all planes through three dimensions. Shown are γ-H2ax (green), DaPi 
(blue), and overlay images. Scale bar = 5 μm. Note the greater number of γ-H2ax foci in the merge of 
all planes. (C) Three-dimensional reconstruction of confocal fluorescent micrographs of LβP and LAβP 
thymocytes. these images depict a LβP nucleus with an intense γ-H2ax focus and a LAβP nucleus 
with γ-H2ax foci of greater volume. an overlay of γ-H2ax (green) and DaPi (blue) is shown. axes 
indicate the orientation of the images.
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mouse IgG (Invitrogen). All antibodies 
were used in the range of 10–12.5 μg/
mL. Slides were covered with 0.15 mm 
coverslips (VWR Scientific) using DAPI-
containing Vectashield mounting medium 
(Vector Labs). Imaging was performed 
using a spinning disk confocal micro-
scope (Olympus IX-81 DSU), and images 
were analyzed using Volocity software 
(Improvision). For evaluation of nucleus 
and γ-H2AX localization throughout the 
cell volume, 40–50 images were acquired 
through the z-axis at 0.2 μm intervals and 
reconstructed using Volocity software. For 
analysis, detection settings were adjusted 
for all samples so that experimentally 
stained samples were not saturating or 
emitting signal detectable using filter sets 
intended for imaging other fluorophores. 
Settings were not adjusted throughout 
the experiment to allow for quantitative 
assessment of signals. Accumulation of 
fluorescent molecules was examined using 
an intensity threshold that was above the 
Materials and Methods
Mice. Generation and characterization 
of LβP and LAβP mice were previously 
described.15 All experiments were per-
formed in accordance relevant institutional 
and national guidelines and regulations 
and approved by the Children’s Hospital 
of Philadelphia IACUC committee.
Chromatin immunoprecipitation. 
ChIP analyses were conducted exactly as 
described previously.15
Immunofluorescence microscopy. 
Thymocytes from LβP and LAβP mice 
were adhered to poly-L-lysine-coated 
glass slides (Polyprep, Sigma-Aldrich) for 
15 min at 37°C, as described.16 Fixation, 
permeabilization and staining were per-
formed as described previously,17 except 
antibodies were used in the following 
order: (1) anti-γ-H2AX (Upstate) or non-
specific mouse IgG clone MOPC21 (BD, 
as a control); (2) AlexaFluor 488-con-
jugated F(ab’)2 fragment of goat anti-
the biochemical and ChIP data suggest 
the possibility that a significant amount 
of H2AX phosphorylation in chromatin 
around DSBs occurs within accessible 
nucleosomes on unbroken chromosomal 
DNA strands located within the sur-
rounding nuclear territory (Fig. 3). 
These disparate observations also could 
reflect discontinuous H2AX phosphory-
lation along disrupted DNA fibers in that 
γ-H2AX only forms on sequences located 
within a fixed diameter around DSBs 
(Fig. 3). Future exploitation of V(D)J 
recombination and the employment of 
additional molecular approaches, such as 
γ-H2AX ChIP-chip or ChIP-Seq, should 
enable identification of all genomic 
sequences over which H2AX phospho-
rylation occurs upon induction of DSBs 
within endogenous Tcrα or Igκ loci. The 
nuclear location of these sequences relative 
to RAG-cleaved Tcrα or Igκ loci could be 
assessed through other approaches, such 
as chromosome conformation capture or 
fluorescence in situ hybridization.
Comparison of the information that 
γ-H2AX IF and ChIP analyses yield 
demonstrates that the two approaches are 
complementary in both advantages and 
limitations. IF enables assessment of the 
relative level of γ-H2AX within a discrete 
nuclear region or volume around individual 
chromosomal DSBs, which ChIP cannot. 
In addition, only IF allows investigation 
of γ-H2AX levels at any genomic location 
throughout the nucleus, especially when 
three-dimensional IF data are generated. 
However, ChIP can provide data regard-
ing γ-H2AX densities at defined genomic 
sequences along broken DNA strands or 
any other chromosome, which IF cannot. 
In this context, ChIP enables direct assess-
ment of the chromosomal distances across 
which γ-H2AX spreads from DSBs along 
broken DNA strands. Moreover, only 
ChIP can reveal how particular DNA ele-
ments, such as matrix attachment regions 
or boundary/insulator elements, impact 
the spread of H2AX phosphorylation 
from initial sites of DNA breakage. Our 
study demonstrates that the combination 
of γ-H2AX ChIP and IF analyses pro-
vides a powerful, and perhaps requisite, 
approach to investigate mechanisms that 
regulate H2AX phosphorylation in chro-
matin around DSBs.
Figure 3. Models Depicting Data Obtainable by γ-H2ax ChiP and iF analyses. the top image shows 
a nuclear territory containing DNa strands from three distinct chromosomes, each represented by 
a distinct colored line. the red star indicates the location of a DSB induced within the black DNa 
strand. the lower left image represents a schematic of the data obtainable by γ-H2ax ChiP, where the 
assayed DNa sequences over which H2ax phosphorylation occurs are colored red. the orange lines 
represent non-contiguous sequences on the same DNa strand or sequences on other chromo-
somes over which γ-H2ax also may form, if atM were able to phosphorylate all H2ax molecules 
in nucleosomes within nuclear territories surrounding DNa breakage sites. the lower right image 
represents a schematic of the data obtainable by γ-H2ax iF, where the known and potential DNa 
sequences over which H2ax phosphorylation occurs throughout the nuclear territory around the 
DSB are colored red.
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